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ABSTRACT: The self-assembly and bioactivity of a peptide
amphiphile (PA) incorporating a 13-residue sequence derived
from the last 13 amino acids of the C-terminus of lumican,
C16-YEALRVANEVTLN, attached to a hexadecyl (C16) lipid
chain have been examined. Lumican is a proteoglycan found in
many types of tissue and is involved in collagen fibril
organization. A critical aggregation concentration (cac) for
the PA was determined through pyrene fluorescence measure-
ments. The structure of the aggregates was imaged using
electron microscopy, and twisted and curved nanotapes were
observed. In situ small-angle X-ray scattering and fiber X-ray diffraction reveal that these tapes contain interdigitated bilayers of
the PA molecules. FTIR and circular dichroism spectroscopy and fiber X-ray diffraction indicate that the lumican sequence in the
PA adopts a β-sheet secondary structure. Cell assays using human dermal fibroblasts show that below the cac the PA displays
good biocompatibility and also stimulates collagen production over a period of 3 weeks, exceeding a 2-fold enhancement for
several concentrations. Thus, this PA has promise in future biological applications, in particular, in tissue engineering.
■ INTRODUCTION
Originally identified as a major keratan-sulfate proteoglycan of
the chick cornea, lumican is a small leucine-rich proteoglycan
(SLRP) found in a variety of tissues, including skin, bone,
articular cartilage, blood vessels, lung, and the invertebral disc.1
Lumican is composed of 4 major domains: a 16-residue signal
protein, a negatively charged N-terminal domain, a tandem
leucine-rich repeat region, and a C-terminal domain containing
2 conserved cysteine residues.2
Lumican plays a well-characterized role in tissue structure,
binding to fibrillar collagens and modulating fibril formation
through its leucine-rich repeat region while regulating
interfibrilllar spacing through associated glycosaminoglycan
(GAG) side chains. Studies suggest that in this capacity it plays
an important, if not essential, role in the maintenance of the
transparency of the cornea.3−7 Additionally, lumican has been
suggested to influence a range of cell behaviors including
adhesion proliferation, migration, tumorigenesis, and differ-
entiation through matrikine interactions.1,8
Peptide amphiphiles (PAs) are self-assembling molecules
that incorporate bioactive or biomimetic peptide sequences.
The conjugation of hydrophilic peptide sequences to hydro-
phobic lipid chains leads to amphiphilic molecules which have
been reported to, most commonly, self-assemble into extended
fibrillar nanostructures.9−16 Other nanostructures including
micelles and vesicles can also self-assemble under defined
conditions (temperature, pH) depending on the balance of
intermolecular interactions.12,17−19 Peptide amphiphiles have
attracted considerable attention recently for applications in
biomedicine because the self-assembled nanostructures lead to
the presentation of bioactive motifs at high density.10,11,20,21
In this article, we investigate the self-assembly of the PA C16-
YEALRVANEVTLN which incorporates a 13-residue sequence
derived from the last 13 amino acids of the C-terminus of
lumican, modified through a C−A substitution (bold) to reduce
the loss of function resulting from dimer formation. This
sequence has previously been shown to have matrikine
properties, e.g., influencing the wound-healing response of
the corneal epithelium.22
■ EXPERIMENTAL SECTION
Materials. The PA C16-YEALRVANEVTLN was purchased from
CS Bio. The molar mass by ESI-MS was 1730.89 Da (expected
1730.05 Da) as shown in SI Figure 1. The purity was 95.68% as
determined by HPLC in TFA (0.1% TFA in H2O/acetonitrile) as
shown in SI Figure 2.
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Pyrene Fluorescence. The critical aggregation concentration was
determined via pyrene fluorescence measurements. The fluorescence
of pyrene was excited at 335 nm at room temperature, and emission
spectra were recorded from 350 to 450 nm using a 10.0 × 5.0 mm2
quartz cell in a Varian Cary Eclipse spectrofluorimeter. Excitation and
emission bandwidths of 2.5 nm were used throughout the experiments.
The concentration of pyrene in water was 1.3 × 10−5 M. The same
pyrene solution was used to dilute each peptide sample to avoid any
dilution effect on pyrene fluorescence due to the addition of
subsequent peptide amphiphile aliquots.
Circular Dichroism (CD). In the laboratory, spectra were recorded
using a Chirascan spectropolarimeter (Applied Photophysics, U.K.). A
sample concentration of 1 wt % dissolved in water was placed in a
coverslip cuvette (0.01 mm thick). Spectra are presented with
absorbance A < 2 at any measured point with a 0.5 nm step, 1 nm
bandwidth, and 1 s collection time per step at 20 °C. The post-
acquisition smoothing tool in the Chirascan software was used to
remove random noise elements from the averaged spectra. A residual
plot was generated for each curve in order to verify whether the
spectrum has been distorted during the smoothing process. The CD
signal from the water was subtracted from the CD data of the peptide
solutions.
Fourier Transform Infrared (FTIR) Spectroscopy. Spectra were
recorded using a Thermo Scientific Nicolet IS5 or a Nexus FTIR
spectrometer, both equipped with a DTGS detector. FTIR data was
measured for a 1 wt % solution of C16-YEALRVANEVTLN dissolved
in D2O. Samples were sandwiched between two CaF2 plate windows
(spacer 0.012 or 0.025 mm thick). Spectra were scanned 128 or 168
times over the range of 900−4000 cm−1.
X-ray Diffraction (XRD). X-ray diffraction was performed on stalks
prepared by suspending drops of PA solution (1 wt % in water)
between the ends of wax-coated capillaries and allowing them to dry.
The stalk was mounted vertically onto the four-axis goniometer of a
RAXIS IV++ X-ray diffractometer (Rigaku) equipped with a rotating
anode generator. The XRD data was collected using a Saturn 992
CCD camera.
Cryo-Transmission Electron Microscopy (Cryo-TEM). Experi-
ments were carried out using a field emission cryo-electron microscope
(JEOL JEM-3200FSC) operating at 300 kV. Images were taken using
bright-field mode and zero-loss energy filtering (omega type) with a
slit at 20 eV. Micrographs were recorded using a Gatan Ultrascan 4000
CCD camera. The specimen temperature was maintained at −187 °C
during the imaging. Vitrified specimens were prepared using an
automated FEI Vitrobot device using Quantifoil 3.5/1 holey carbon
copper grids with a 3.5 μm hole size. Grids were cleaned using a Gatan
Solarus 9500 plasma cleaner just prior to use and then transferred into
the environmental chamber of an FEI Vitrobot at room temperature
and 100% humidity. Thereafter, 3 μL of sample solution at 2 wt %
concentration was applied on the grid, blotted once for 1 s, and then
vitrified in a 1/1 mixture of liquid ethane and propane at −180 °C.
Grids with vitrified sample solutions were maintained in a liquid-
nitrogen atmosphere and then cryo-transferred into the microscope.
Small-Angle X-ray Scattering (SAXS). Experiments were
performed on beamline B21 at Diamond Light Source, Harwell,
U.K. A solution of 1 wt % C16-YEALRVANEVTLN was loaded into a
96-well plate which was then injected via an automated sample
exchanger at a slow and very reproducible flux into a quartz capillary
(1.8 mm internal diameter). The sample was then placed in front of
the X-ray beam. The quartz capillary was enclosed in a vacuum
chamber in order to avoid parasitic scattering. After the sample was
injected in the capillary and reached the X-ray beam, the flow was
stopped during the SAXS data acquisition. B21 operated with a fixed
camera length (4 m) and fixed energy (12.4 keV) allowing data
collection for q = 0.015−0.3 Å−1 (q = (4πsinθ)/λ, with λ = 1 Å). The
images were captured using a Pilatus 2 M detector. Data processing
(background subtraction, radial averaging) was performed using the
dedicated beamline software Scatter.
In Vitro Biocompatibility and Bioactivity Assays. Human
dermal fibroblasts were maintained for 3 weeks in serum-free DMEM/
F12 culture medium (Life Technologies, Paisley, U.K.) supplemented
with ascorbic acid, ITS (insulin, transferrin, selenium) (Life
Technologies), and antibiotics (Life Technologies), either in the
absence or presence of PA at a range of concentrations (1 × 10−2, 0.5
× 10−2, 0.25 × 10−2, 1.25 × 10−3, and 6.25 × 10−4 wt %), which were
obtained by dilution of a 0.1 wt % stock solution. After 3 weeks, the
number of viable cells present was assessed by the Alamar Blue assay,23
which correlates metabolic activity to the reduction of a resazurin
sodium salt (Sigma-Aldrich, Dorset, U.K.) to resorufin, quantified via
fluorescent emission at 590 nm in response to excitation at 545 nm
using a Fluoroskan Ascent (Thermo Scientific, Paisley, U.K.). These
cultures were subsequently fixed in ice-cold ethanol and stained with
Sirius red/picric acid solution overnight.24 The bound dye was
recovered by agitation in 1 M NaOH, and total collagen was calculated
by comparing the absorbance of the resulting samples at 490 nm, read
using a Multiskan Ascent (Thermo Scientific), to that of known
standard concentrations of collagen.
■ RESULTS
The critical aggregation concentration (cac) was determined
through a pyrene fluorescence assay. The fluorescence
vibrational structure of pyrene is sensitive to its environmental
hydrophobicity and has been successfully used previously to
determine the cac of amphiphilic molecules including
surfactants25,26 and more recently for PAs.27−31 The cac of
C16-YEALRVANEVTLN in water was estimated by observing
the fluorescence intensity at the I1 (λ = 383 nm) peak, which
corresponds to the first vibronic band of pyrene. The
concentration dependence of I1 (Figure 1) shows a break at a
concentration of cac = (0.03 ± 0.009) wt %. This cac is not
detected in a plot of the ratio of the intensity of the first to third
pyrene vibronic bands, I1/I3 (as shown in SI Figure 3). At
higher concentration (above approximately 0.07 wt %) the
cloudiness of the solutions prevented reliable fluorescence
measurements, and apparent breaks in I1 and I1/I3 are not
reliable. The trend in I1/I3 as a function of concentration is not
that noted for conventional amphiphiles for which I1/I3
decreases at the critical micelle concentration, from a typical
value of around 1.7−1.8 to a lower value of 1.0−1.2 (e.g., refs
32 and 33). We do not have a detailed explanation for this at
present, although one observation is that in contrast to
conventional surfactants and amphiphilic polymers, many
peptide amphiphiles incorporate aromatic residues (as in the
case of the PA studied here) which may influence the
fluorescence of pyrene. Nevertheless, we have found from
recent studies that I1 provides a reliable assay for cac values.
30,34
Specifically, in the case in which β-sheet formation occurs
Figure 1. Dependence of the pyrene I1 fluorescence peak on the
concentration of PA, from which the critical aggregation concentration
can be obtained, as indicated.
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concurrently with hydrophobic collapse upon aggregation, the
cac value is consistent30 with the value obtained from other
probe molecules, in particular, Thioflavin T which probes
aggregation into amyloid fibrils rather than a change in
hydrophobic environment as for pyrene.
Spectroscopic methods were used to examine the secondary
structure of the PA well above both of these cac’s. Figure 2
shows circular dichroism (CD) and FTIR spectra for a 1 wt %
aqueous solution of the PA. The CD spectrum (Figure 2a) has
a minimum at 216 nm, characteristic of β-sheet secondary
structure.35−37 The FTIR spectrum in the amide I′ region
(Figure 2b) supports this assignment, with a strong peak at
1617 cm−1.38,39 The shoulder peak at 1658 cm−1 indicates a
small contribution from α-helix secondary structure.38,39 The
peak at 1703 cm−1 is assigned to the carbonyl stretch.29,40−42
X-ray diffraction was performed on a stalk prepared by drying
a 1 wt % solution. The obtained 2D patterns were isotropic,
and the data were reduced to 1D intensity profiles as shown in
Figure 3. The data contain higher-order peaks from a lamellar
structure (d = 20.6 and 10.5 Å), the first order of which was
observed by in situ SAXS measurements (vide infra). The
profile also features peaks at 4.72 Å (strand separation in the β
sheets19,27,28) and 3.79 Å (Cα−Cα spacing in a β-sheet
structure). The XRD data provide important support
concerning the formation of layer structures by the PA, as
further probed using SAXS as discussed shortly.
The self-assembled nanostructure of the PA was imaged
using cryogenic transmission electron microscopy (cryo-TEM),
which is a technique whereby the aqueous phase is vitrified,
“trapping” any self-assembled structure and avoiding the need
to dry or stain the sample, in contrast to conventional negative-
stain TEM. Figure 4 shows typical images. The morphology is
mainly short and straight tapelike structures. Twisting and
curving of the tapelike structures are observed. In particular, the
image for the 1 wt % sample in Figure 4a can be interpreted on
the basis of curved tape structures, as sketched in Figure 4c. In
contrast, mainly twisted tapes were observed for the 0.1 wt %
sample (Figure 4b). The stability of cylindrical vs tapelike
fibrillar nanostructures will depend on the relative importance
of hydrophobic interactions vs inter- and intrapeptide
interactions, in particular, interchain hydrogen bonding which
stabilizes β sheets. Tapelike nanostructures would be expected
when the “amphiphilicity” predominates whereas fibrils are
expected for β-sheet-driven assemblies.43 The 13-residue
peptide sequence in C16-YEALRVANEVTLN is longer than
that in most designed PAs studied to date, and it is possible that
this PA is on the borderline between lipid-like and amyloid
peptide-like self-assembly, i.e., between nanotape and fibril
structures.
Cryo-TEM was complemented with in situ small-angle X-ray
scattering (SAXS) which provides accurate information on the
dimensions of the nanostructures and their internal structure.
Figure 5 shows the intensity profile measured for a 1 wt %
solution of the PA, along with a model form factor fit. The form
factor is that for a lipid bilayer structure, comprising three
Gaussian functions to represent the electron density variation
across the two headgroups and the dense lipid core.44 The
model and its application to PA bilayer structures have been
Figure 2. Spectroscopic data obtained from 1 wt % solutions of PA.
(a) Circular dichroism spectrum and (b) FTIR spectrum in the amide
I′ region.
Figure 3. XRD intensity profiles obtained by the integration of a fiber
XRD pattern along the two indicated directions.
Figure 4. Representative cryo-TEM images obtained from solutions of
PA C16-YEALRVANEVTLN. (a) 1 wt % solution, (b) 0.1 wt %
solution, and (c) schematic of curved tape, to compare to panel a.
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described in detail in our previous papers.29,45 The fitting was
implemented using SASfit software.46 This form factor provides
an excellent fit to the data and confirms that the self-assembled
tapes comprise bilayers with a thickness of 51 Å (with a
Gaussian polydispersity of 15 Å). The other fit parameters
include an overall scaling factor of s = 2.2 × 10−6 as well as the
Gaussian width of the outer headgroups (σo = 6.0 Å) and of the
inner lipid region (σi = 5.1 Å) and the corresponding
amplitudes ρo = 0.00013 and ρi = 5.64 × 10
−5. The bilayer
radius is set to 500 Å, which is much larger than the thickness
and so provides only a scaling factor. A flat background, BG =
4.5 × 10−5, was included in the fit. The value obtained for the
layer thickness t indicates that the bilayers comprise highly
interdigitated molecules, with some folded peptide residues
and/or disorder in the lipid chain, because the extended length
of an extended hexadecyl PA containing a 13-residue peptide in
a parallel β sheet is expected to be approximately 18 Å (from
the C16 chain) + 13 × 3.2 Å (from the 13-residue peptide) = 59
Å. The SAXS profile contains, in addition to the form factor
profile, a diffuse Bragg peak at q* = 0.15 Å−1 corresponding to a
bilayer repeat period of 42 Å. The diffuseness of this peak
indicates the presence of only a few bilayer repeats, which is
consistent with the appearance of the nanotapes observed by
cryo-TEM (Figure 4). A sketch of the bilayer structure,
consistent with the XRD and SAXS measurements, is provided
as Figure 6.
The PA was added to the growth media of human dermal
fibroblasts over a range of concentrations, and these cultures
were maintained for 3 weeks before assessment for cell number
and collagen synthesis. Figure 7 (top) shows that the PA
displayed good biocompatibility, resulting in a modest but
significant enhancement of the proliferation of human dermal
fibroblasts over 3 weeks in culture. During this period, the
presence of PA resulted in a significant and concentration-
dependent increase in the amount of collagen produced by
these cells, exceeding a 2-fold enhancement at multiple
concentrations as shown in Figure 7 (bottom).
■ DISCUSSION
The self-assembly in aqueous solution of a PA incorporating a
13-residue peptide with a sequence from the C-terminal
domain of lumican, conjugated to a hexadecyl (palmitoyl) lipid
chain, has been investigated using a range of spectroscopic, X-
ray scattering, and electron microscopy imaging techniques. A
critical aggregation concentration was determined from a
pyrene fluorescence assay, and this points to the formation of
aggregates with a hydrophobic interior, and possibly also β-
sheet order, above a concentration of (0.03 ± 0.009) wt %.
Small-angle X-ray scattering and fiber X-ray diffraction reveal
a lamellar structure, which is ascribed to a highly interdigitated
bilayer configuration in which the hydrophobic lipid chains are
sequestered in the interior of the bilayers. Significant disorder
in the lipid chain and/or folding of the PA molecules are
implied by the fact that the observed bilayer thickness is smaller
than the estimated extended molecular length. However, fiber
XRD along with FTIR and CD spectroscopy confirm the β-
Figure 5. SAXS intensity profile for a 1 wt % solution of the PA (open
symbols) along with the fitted form factor model (red line) based on a
bilayer structure, as described in the text. For clarity, only every fifth
measured data point is shown.
Figure 6. Sketch of the bilayer structure as deduced from XRD and
SAXS experiments. The lipid chain is drawn as a red ellipse to indicate
that it is not fully extended so that the bilayer spacing (42 Å) is less
than the extended molecular length (estimated to be 59 Å). In
addition, the peptide β strands may not be fully extended and/or all
residues may not be incorporated into the strands.
Figure 7. Effect of the PA on HDFa cell number and collagen
synthesis over a 3 week culture period. (* denotes p < 0.05 by Kruskal
Wallace/Tukey’s RSD test.)
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sheet secondary structure of the peptide within the PA,
indicating that the peptide is in a regular extended
conformation. Electron microscopy shows that the self-
assemblies comprise twisted tape structures.
The PA shows promising bioactivity because incorporating it
into the growth medium of human dermal fibroblasts leads to a
modest but detectable proliferation of cells over 3 weeks in
culture. Over the same period, a significant and concentration-
dependent increase in collagen produced by the cells was
observed. Collagen is the major structural protein component
of many tissues targeted for biomedical interventions to repair
damage, including but not limited to skin, cornea, cartilage,
bone, tendons, and ligaments. In each of these tissue types,
there is a single fibroblastic or stromal cell population mostly or
wholly responsible for the synthesis and maintenance of the
collagenous matrix. The reconstitution of damaged collagen by
these cells is an essential part of the repair process, with the
effectiveness of this often determining the functionality of the
resulting material, i.e., scarring/fibrosis vs the full regeneration
of new tissue. Similarly, the classical model of tissue repair is
often described in terms of phases (i) inflammation, (ii)
proliferation, and (iii) maturation. The contribution of this PA
to the proliferation of, and collagen synthesis by, human dermal
fibroblasts further suggests its potential in the arena of wound
repair/tissue regeneration. Tissue engineering methods often
seek to combine cells with a suitable scaffold to replicate native
tissue. In addition to the synthetic scaffold materials and
decellularized donor tissues commonly investigated for this
purpose, recently there has been increased interest in the use of
cells cultured in vitro to produce a nativelike extracellular
matrix for subsequent seeding with tissue-specific cell types to
potentially produce “organotypic” engineered tissues.47 These
techniques may benefit greatly from the development of
materials that can stimulate the production of extracellular
matrix proteins by fibroblasts in vitro and that can, as in the
case of PAs, potentially be used as coatings for various surfaces
and shapes as suits the requirements of the intended resulting
tissue, as well as soluble stimulatory factors.
The data reported in this study does not suggest a specific
role for the nanostructure in the effects of the PA upon dermal
fibroblasts. We hypothesize that the cells in question respond to
the peptide sequence within the amphiphile and that has been
previously shown (as an individual peptide fragment rather
than as part of a PA) to illicit a migratory response in other cell
types.1,8 The specific effects of the structural state of this PA
upon the observed cellular responses are the subject of ongoing
investigation.
This PA therefore has strong potential in the development of
materials for tissue engineering, specifically for materials to
repair damaged extracellular matrixes. This is planned to be the
subject of future research.
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